Introduction
The need to dissipate high heat fluxes is an important issue in a number of applications, including electronics cooling and MEMS devices. The first applications of small-diameter passages mainly involved aerospace systems, in the form of compact heat exchangers for managing onboard power systems. Bergles ͓1͔, in one of his pioneering works, investigated the upper limit of burnout conditions in small diameter tubes.
Tuckerman and Pease ͓2͔ presented another important paper in which they demonstrated the potential of microchannels in the cooling of integrated circuitry. The fundamental understanding of fluid flow and heat transfer has yet to catch up with their proposals. Recently, microchannel heat exchangers have been applied to miniature power systems, advanced heat sinks, fuel cell components, and several other automotive applications. The benefit of reduced channel size and the resulting heat transfer enhancement have been well established. Kandlikar ͓3͔ presented an extensive review of literature on flow boiling in microchannels, and described some of the fundamental issues with two-phase flow and flow patterns. As smaller channel sizes were investigated, the terminology for classification underwent considerable changes over the past decade. In earlier studies, the term microchannel had included hydraulic diameters as large as 3.0 mm.
Literature Review
A wide variety of channel sizes have been investigated and reported as microchannels. A clear definition of channel size classification is necessary for consistency in comparing various results from literature. There is limited detailed local flow boiling data available in open literature for a microchannel. The present work characterizes the thermal and hydraulic performance of six parallel microchannels with a hydraulic diameter of 207 m. The slightly larger hydraulic diameter ͑as compared to 200 m for a microchannel͒ resulted due to the tolerances associated with the manufacturing of these channels.
Several authors have specifically addressed the issue of channel size classification. During their flow boiling studies in 1.39 to 3.69 mm diameter tubes, Kew and Cornwell ͓4͔ used confinement number, Co, to guide the channel size criterion. Mehendale et al. ͓5͔ adopted a classification based upon geometric consistency and ease of understanding. Kandlikar and Grande ͓6͔ presented a classification scheme based upon fundamental considerations of single-phase gas flow, two-phase flow patterns and channel fabrication methods and discussed further by Kandlikar ͓7͔. Kawaji and Chung ͓8͔ recently reported a significant departure for their 100 m microchannels from the established linear relationship between volumetric quality versus void fraction as proposed by Ali et al. ͓9͔ and ͓10-57͔ for narrow channels. The present work is not focused on developing a channel classification. There still must be more data over the entire range of channel sizes presented in literature to make a definitive decision as to which channel classifications is correct. Although the classification of minichannels (3 mmуD h Ͼ200 m) and microchannels (200уD h Ͼ10 m) is adopted here, it should be recognized that this is merely a guideline. The actual flow phenomena will depend upon fluid properties and their variation with pressure; as well as the type of flow including single-phase, flow boiling, flow condensation, and adiabatic two-phase flow.
A review of literature on small diameter channels yielded approximately fifty research papers on flow boiling heat transfer in channels with hydraulic diameters less than 3 mm. A compilation of some of the recent works is presented in Table 1 . The fluids investigated include: water, R21, R22, R113, R123, R124, R141b, FC84, and Vertrel XF. The mass fluxes, all liquid Reynolds number, and heat fluxes range from 20 to 6225 kg/m 2 s, 14 to 5236, and up to 2 MW/m 2 , respectively. A visual representation of the available data is presented in Fig. 1 . The all-liquid flow Reynolds number in these data sets is plotted as a function of hydraulic diameter. These data sets contain both local and overall heat transfer studies. A systematic shift toward lower Reynolds numbers with decreasing diameter is noted from Fig. 1 .
The available literature is further reviewed to determine that twenty-two papers present local heat transfer data. Figure 2 shows the Reynolds number versus hydraulic diameter plot for these local data papers. The low Reynolds number range is generally encountered in microchannels, Microelectromechanical Systems ͑MEMS͒, and micro Total Analysis Systems ͑TAS͒ applications. It can be seen from Fig. 2 that there are only two local data sets available for hydraulic diameters smaller than 200 m. The two data sets that provide detailed local heat transfer data for D h Ͻ200 m are by Hetsroni et al. ͓32͔ and Yen et al. ͓35͔. Neither of these two studies have used water as the working fluid. From Table 1 and Figs. 1 and 2, it is clear that there is a need to generate more local flow boiling heat transfer data for microchannels. Knowledge of local data is essential in design, correlation development, and simulation of flow boiling systems.
Objectives of Present Work
The objectives of the present study are to investigate the heat transfer performance and two-phase flow characteristics of water heated in microchannels, as well as to generate local heat transfer data by varying mass flux, heat flux, and quality for water boiling in multiple parallel microchannels. Another goal of this study is to obtain high-speed visual images to understand the complex twophase structure and characteristics under flow boiling conditions.
Experimental Apparatus
The experimental system consists of several sub-systems that include a water delivery system, data acquisition system, highspeed imaging system, and the experimental test sections. A schematic of the setup is shown in Fig. 3 .
The working fluid for all of the present experiments is deionized and degassed water. The amount of dissolved gas in the water needs to be precisely controlled to eliminate the heat transfer changes resulting from out-gassing of dissolved gases. Steinke and Kandlikar ͓47͔ conducted an experimental investigation concerning the control of dissolved gases. They demonstrated that the effects due to the out-gassing of dissolved gases can be eliminated if the water is treated to reduce the dissolved oxygen content to 5.4 parts per million ͑ppm͒ at 25°C. To be conservative, the dissolved oxygen level used in these experiments is maintained at 3.2 ppm. The water is sampled randomly throughout the course of experimentation to ensure the dissolved oxygen level is well below this threshold limit.
The water delivery system consists of a pressure vessel, heat exchanger, throttle valve, flow meter bank, test section, and condenser. The pressure vessel provides the control of dissolved gasses and the motive force for the water. The degassing procedure described by Steinke and Kandlikar ͓47͔ is followed before beginning the experiments and consists of pressurizing the chamber to 2 atm, and then suddenly reducing the pressure to 1 atm. This causes a vigorous boiling in the chamber, driving the steam and dissolved gases from the water in the chamber. The procedure is repeated to attain the desired oxygen content.
The heat exchanger controls the inlet temperature to the test section. The throttle valve reduces the overall system pressure to an appropriate range for the flow meters and test section. The flow meter bank contains three flow meters with several different flow ranges to improve the flow measurement accuracy. The test section contains the microchannels, heaters, thermocouples, inlet and outlet plenums, and pressure connections. Finally, the condenser collects the outlet from the test section and returns the fluid into a liquid state.
Two different test sections are studied. The test section used for flow visualization incorporates three side heating, and the test section utilized for heat transfer analysis incorperates four side heating. The water inlet and outlet plenums are included in the test sections. In each test section, the plenums are fully insulated to minimize the inlet and outlet heating of the fluid and to ensure that the heat transfer only occurs in the flow channels. In the flow visualization test section, the plenums are located in the polycarbonate top cover. In the heat transfer test section, a portion of the copper is removed and filled with an insulating epoxy. The inlet and outlet plenums are then machined in the insulating epoxy. The test section is covered with insulation to reduce the heat losses from the outer surfaces of the test section. Figure 4 shows the test section construction for the heat transfer analysis experiments.
There are six parallel microchannels machined in the copper substrate. The microchannels are tested in a horizontal orientation. The channel depth and width are measured at six locations along the flow length using a microscopic measurement system. It is observed that the channels have a slightly trapezoidal cross section, with the top and bottom widths differing by about 15 m. Two thermocouple layers located in the copper substrate are used to determine heat fluxes and surface temperatures on the inner surface of the channel. The heater is embedded in the copper substrate furthest from the microchannel surface. Next, a layer of six thermocouples is located 6.35 mm from the microchannel surface. Then, the second layer of thermocouples is located 3.18 mm from the microchannel surface. Both of the thermocouple layers are at the same location along the flow length. The first thermocouple is located 6.35 mm, in the flow direction, from the microchannel inlet. The subsequent thermocouples are located 19.05, 25.4, 38.1, 44.45, and 57.15 mm from the inlet, respectively. A series of simple experiments are conducted to ensure that a onedimensional heat conduction assumption is a valid. Power is applied to the test section and the surface temperature is measured using a non-contact interferometer. In addition, a finite difference model is used to validate this assumption.
Initially, a series of experiments are performed to establish the heat loss characteristics of the test section. The water is completely removed from the test section during these runs. Power is applied and the test section is allowed to reach a steady state. The heat loss is plotted against the temperature difference between the test section and the ambient air. The slope of this plot is used to determine the lost power for a given test section operating temperature. 
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Data Analysis
The methods used for data analysis are described in this section. The equations used for evaluating heat transfer and pressure drop characteristics are presented.
The local two-phase heat transfer coefficients are calculated along the flow length. The flow enters the microchannel as subcooled single-phase liquid. That inlet subcooling must be taken into account. The high pressure drop occurring in the microchannels causes the local saturation temperature to vary along the channel length. As a first approximation, a linear pressure variation is assumed in the channel. The pressure variation was determined from the inlet and outlet pressures measurements.
The local heat transfer coefficients are calculated using the temperature measurements from the two thermocouple layers separated by a known distance. The heat flux q'' between the two locations is determined from the thermocouple readings and the known thermal conductivity of the copper. The surface temperatures at those locations are then predicted using a linear extrapolation. The local quality is calculated from a heat balance calculation. The local heat transfer coefficients are then calculated using Eq. ͑1͒.
The overall pressure drop is corrected for entrance and exit losses to determine the frictional losses in the microchannels. There are losses due to the contraction from the larger inlet plenum into the microchannels and the expansion from the microchannels into the larger exit plenum. The Fanning friction factor is determined from the correlation from Shah and London ͓48͔ and is given in Eq. ͑2͒.
For the present microchannel geometry, the f ϫRe product is found to be 14.25. The previous equations have been used and verified in conventional channels for many years. However, the validity of Eq. ͑2͒ needs to be verified in a microchannel.
Uncertainty
The uncertainty is determined by the method of evaluating the bias and precision errors. The pressure transducer has an accuracy of Ϯ0.69 kPa. The temperature reading has an accuracy of Ϯ0.1°C. The power supply used to provide input power has accuracies for the voltage of Ϯ0.05 V and for the current Ϯ0.005 amps. The flow meter has a volumetric flow accuracy of Ϯ0.0588 cc/min. The power measurement has an accuracy of Ϯ0.5 Watts. The ⌬T measurements have an uncertainty of Ϯ0.2°C. The resulting uncertainties are calculated for the heat transfer coefficient as 8.61%, the pressure drop is 7.19%, and friction factor is 4.80%, at a median flow case. The major source of error is the temperature reading, specifically the resulting ⌬T measurements.
Results and Discussion
The major results of the present study include: single-phase pressure drop, two-phase flow patterns, local two-phase heat transfer, and the comparison of the experimental two-phase heat transfer coefficients with an existing flow boiling correlation.
Single-Phase Pressure Drop. The adiabatic single-phase friction factor for laminar flow is first determined experimentally to provide validity of the test section and measurement techniques. This experiment was performed before any diabatic experiments. The single-phase friction factor is shown in Fig. 5 . There is a good agreement seen with the predicted friction factor, within 10% of the predicted values.
Flow Visualization. Flow visualization was conducted using a high speed CCD camera. Typical recording frame rates were between 500 and 2000 frames per second. The following flow patterns are observed in the microchannels: nucleate boiling, bubbly flow, slug flow ͑constrained bubble͒, annular flow, annular flow with nucleation in the thin film, churn flow, and dry-out. Steinke and Kandlikar ͓49͔ presented further details and observations. All observed flow-boiling regimes agree with those found by Kew and Cornwell ͓4͔ and many other researchers. The bubble flow or isolated bubble flow was very intermittent. The conditions to observe this flow regime had to be carefully controlled. The slug flow regime was the second most common observed flow regime. A bubble grows to the size of the channel in this pattern. Finally, the most commonly observed flow-boiling regime was annular-slug flow. In this regime, a bubble expands to fill the channel and extends into the channel causing a vapor core and wetting thin film.
A commonly found flow-boiling phenomenon in parallel flow channels is flow reversal. Kandlikar et al. ͓27͔ observed this flow pattern in minichannels. During the onset of the annular-slug flow regime, the upstream interface of the vapor bubble moves counter to the flow direction. It was also observed in microchannels during the present study. Figure 6 shows the progression of flow reversal. In Fig. 6͑a͒ , a bubble nucleates in the channel. Figure  6͑b͒ shows the vapor core expanding toward the channel exit, just as expected. The left side of the liquid vapor interface of the vapor bubble begins to move toward the channel entrance, counter to the flow direction. Finally, the right side interface continues to move toward the channel exit in Fig. 6͑g͒ . The flow reversal is caused by the presence of the parallel channels, which allow a path of lower flow resistance during explosive growth of the nucleating bubbles. The flow and pressure in the other channels compensate and allow for the high pressure of vapor generation to dissipate through the other channels. Another flow boiling phenomenon observed in the present study is the local dry-out condition. Figure 7 shows the local dry-out event. The flow is from left to right and the figure caption gives the flow details. Figure 7͑a͒ shows the channel in a dry out condition. The local surface temperatures are rising, as there is no film on the surface. In Fig. 7͑b͒ , an annular slug comes into view. The annular slug has a head of liquid as a front cap. An advancing contact angle is seen in this frame. The slug and cap move forward a little distance. In Fig. 7͑e͒ , the interface shifts from the advancing to the receding contact angle. This signifies the onset of the dry-out condition as the interface begins to move backward toward the inlet, in Fig. 7͑g͒ . The dry-out is occurring because of the rapid evaporation of the liquid in the contact line region. This rapid movement causes a force imbalance that causes the reaction force and interface movement in the opposing direction similar to that shown in Kandlikar and Steinke ͓50,51͔. In Fig. 7͑k͒ , the upstream vapor has joined with the vapor in the annulus. Figures  7͑m͒ and 7͑n͒ show the thin film interface retreating toward the inlet as the channel begins to dry-out. Finally, Fig. 7͑p͒ shows complete dry-out in the channel. Figure 8 shows a schematic to represent the flow boiling dryout as seen in Fig. 7 . Figure 8͑a͒ begins with a channel in the dry-out regime. An annular slug with liquid head is introduced into the channel in Fig. 8͑b͒ . The interline, the liquid-vaporsurface contact line, is in an advancing contact position. Dry-out begins to occur in Fig. 8͑c͒ and the interline shifts to a receding contact orientation. The dry-out is occurring because of the rapid evaporation of the liquid in the contact line region. This rapid movement causes a force imbalance that causes the reaction force and interface movement in the opposing direction, Kandlikar and Steinke ͓50,51͔. Finally, Fig. 8͑e͒ shows the channel returning to a post dry-out regime.
Flow Boiling Heat Transfer. The detailed flow boiling heat transfer results are presented in Figs. 9 to 13. The local heat transfer coefficient is plotted as a function of local quality. The data cover five different mass fluxes over the entire range of qualities possible with the current setup. The inlet pressure varies from 1.25 to 2.0 atm depending on the heat and mass fluxes employed. Figure 9 presents the local heat transfer coefficients versus local quality for a mass flux of 157 kg/m 2 s. The resulting all-liquid Reynolds number for this case is 116. As the local quality increases, the heat transfer coefficient decreases. Results for several different heat fluxes are shown. It is seen that there is a dependence on heat flux for this case. This is the lowest all-liquid Reynolds number flow case studied.
The local data for a mass flux of 366 kg/m 2 s is shown in Fig.  10 . The heat transfer coefficients are very high in the low quality Fig. 7 : "a… channel dry-out, "b… annular slug with liquid head, "c… contact angle shift, "d… vapor penetration at dryout occurrence, and "e… thinning film as it returns to dry-out. 
Õ Vol. 126, AUGUST 2004
Transactions of the ASME region. This is believed to be due to the onset of nucleate boiling ͑ONB͒. The data then begins to sharply decline. A possible explanation could be due to the rapid growth of the bubbles, with annular slugs being generated. This may cause flow reversal, as noted in the flow visualization section. The evaporation and rewetting can lead to a very efficient means of heat transfer. After a quality of approximately 0.20, the data shows a slower decreasing trend. However, there seems to be less effect of heat flux on this flow case. Figure 11 shows the local data for a mass flux of 671 kg/m 2 s. The heat transfer coefficient near ONB is much higher than at the other qualities. The same decreasing trend is found here. Unfortunately, the larger values of qualities could not reached for this case before critical heat flux ͑CHF͒ was achieved. However, the data seem to be converging on a single heat transfer coefficient value, approximately 40 kW/m 2 K. The local data for mass fluxes of 1022 and 1782 kg/m 2 s are given in Figs. 12 and 13 respectively. Once again, these figures show the same decreasing trend of heat transfer coefficient with respect to an increase in quality.
The trends depicted in Figs. 9 to 13 seem to match with those found in a nucleate boiling dominant flow. The decreasing heat transfer coefficient is consistent for water in the nucleate boiling dominant region, Kandlikar ͓52͔. Yen et al. ͓35͔ also observed this trend. They studied flow boiling of a R123 in 190 m diameter tubes. Their heat transfer coefficient magnitude is smaller than the present work, as one would expect for a refrigerant versus water. A possible explanation for the decreasing trend could be that the decreased channel size ͑microchannel diameters͒ has reduced the available space for convective flow to develop. In addition, they also saw a high heat transfer coefficient near the ONB point observed in the present data, Figs. 9 to 13.
In addition, the critical heat flux ͑CHF͒ condition was observed for each of the mass fluxes. Figure 14 shows the plot of CHF versus Reynolds number. The inlet temperature is 22°C for all these cases. A direct relationship is seen between heat flux, mass flux and Reynolds number. More data are needed with different channels before theories and correlations can be developed in this range.
Comparison With Flow Boiling Correlation. The general Kandlikar ͓53͔ flow-boiling correlation has been applied to the present experimental work for flow boiling in multiple-channels. The general correlation takes the maximum of two equations, one equation for nucleate boiling dominant flow and one for convective dominant flow. Kandlikar and Steinke ͓54͔ and Kandlikar and Balasubramanian ͓55͔ have demonstrated that the correlation can be modified to give good agreement with microchannel flow. For microchannels, the liquid only heat transfer coefficient is given by the laminar Nusselt number. In addition, only the nucleate boiling dominant portion of the flow boiling equation, Eq. ͑3͒, is used to predict h TP . 
where Co is the convection number given in Eq. ͑4͒, Bo is the boiling number given in Eq. ͑5͒, Fr lo is the Froude number with all liquid flow, f 2 (Fr lo ) is the multiplier, h lo is the heat transfer coefficient with all liquid flow, and x is the quality. The F FL number for water is 1.0 and the f 2 (Fr lo ) multiplier is 1.0 for microchannel flow due to the lack of stratified flow. Figure 15 shows the comparison of the Kandlikar modified microchannel correlation to the experimental data. The mass flux and Reynolds number is 157 kg/m 2 s and 116, respectively. The three heat fluxes are 114, 151 and 182 kW/m 2 . Figure 16 presents the comparison for another few data points. The mass flux and Reynolds number is 366 kg/m 2 s and 270, respectively. The three heat fluxes are 441, 473, and 504 kW/m 2 . The correlation predicts the magnitudes as well as the trends of the experimental data reasonably well except for the large peak observed in the experimental data at low qualities ͑corresponding to ONB conditions͒. The optimal range of the correlation is between qualities of 0.2 to 0.8. The correlation under predicts the heat transfer coefficients at the ONB condition. However, this is expected due to the rapid bubble growth observed in microchannels following nucleation. Over the quality range of 0.2 to 0.8, the mean deviation is 7.2%. Although the Kandlikar correlation does very well for the present experimental configuration, it is recommended that more local data for different channel geometries be obtained for further validating its applicability to microchannels of different aspect ratios, sizes and geometries.
In a recent publication, Kandlikar ͓7͔ presented two new nondimensional groups that are thought to be important in microchannel flows. The new nondimensional groups are called K 1 and K 2 are given below.
The K 1 and K 2 groups are based upon the surface tension and momentum change due to evaporation, as well as the viscous shear force and the inertia force. 
Closing Remarks
The interest in flow boiling in microchannels continues to grow as seen from recent literature. In the recent months, a number of new publications have appeared such as; Wu and Cheng ͓56͔, Brutin et al. ͓57͔, and Pettersen ͓58͔. The need for obtaining more experimental data has been recognized by researchers and it is expected that more data will be available in the near future.
Conclusions
An experimental investigation is conducted to study the singlephase and two-phase flow in 207 m hydraulic diameter, trapezoidal microchannels during laminar flow. The following conclusions are drawn from the present study.
• The adiabatic single-phase friction factor for laminar flow of water in microchannels is accurately described by the established relationship for large ͑conventional͒ diameter channels.
• The single-phase flow heat transfer in the microchannel has been investigated with degassed water. The Nusselt numbers for the experimental data fall between the constant temperature and constant heat flux boundary conditions.
• A flow reversal is observed under certain conditions in microchannels, Fig. 6 . The vapor interface moves in a direction counter to the bulk fluid flow. This was also seen in minichannels.
• The dry-out condition is observed in Fig. 7 . The changes occurring in the interface at the dry-out condition have been visually observed and documented. The contact angles of the interface exhibit similar behavior to that found by Kandlikar and Steinke ͓50, 51͔ . This indicates the need for including the contact line dynamics in developing a flow boiling critical heat flux model.
• The present work constitutes one of the first sets of local heat transfer coefficient data for flow boiling of water flow in a micro- Transactions of the ASME channel. A maximum heat flux of 930 kW/m 2 has been achieved, with heat transfer coefficients as high as 192 kW/m 2 K. A decreasing trend in two-phase heat transfer coefficient, h TP , with an increasing quality is detected. These trends are consistent with a nucleate boiling dominant flow.
• The Kandlikar flow-boiling correlation has been modified by using the laminar single-phase heat transfer coefficient and only the nucleate boiling dominant equation. The correlation shows good agreement with data between qualities of 0.2 to 0.80. However, the high heat transfer coefficients observed at the ONB condition is not predicted by the correlation. The trends seen in flow boiling data in microchannels is different from those observed in larger diameter tubes. The role of nucleate boiling is seen to be more predominant than previously thought. These aspects provide a new direction for future work in this area. 
Nomenclature

